Previews 3 able and the results will surely provide further intriguing insights.
A Cellular Response to an Internal Energy Crisis
Lack of an appropriate energy supply has been thought to induce cell death in a nonspecific manner by causing a decline in metabolism and a gradual cessation of cellular function. In this issue of Cell, Nutt et al. (2005) describe a new mechanism that directly links nutrient availability to apoptosis in Xenopus oocytes and show that age-dependent changes in the nutritional state of a cell might lead to caspase activation and apoptotic cell death.
Under normal physiological conditions, most cell types in our body obtain their energy from nutrients that are present in abundance in the extracellular environment. The availability of these nutrients to each cell is "rationed" by the limited amount of trophic factors that control nutrient uptake. Only a few select cell types, such as oocytes, are "self-sufficient" and rely entirely on internal energy stores for survival. Thus, oocytes are an interesting model in which to study the events that occur during a cellular energy crisis. In this issue of Cell, Nutt et al. (2005) explore the biochemical events that take place when oocytes exhaust their internal energy stores and define a new pathway regulating cell survival in response to nutrient depletion.
Previous studies have demonstrated that oocytes can be induced to undergo apoptosis regulated by caspases, a family of aspartic proteases necessary for the execution of apoptotic cell death, as well as by both the pro-and antiapoptotic members of the Bcl-2 family of apoptotic regulators. To address how the availability of nutrients may regulate oocyte apoptosis, the authors used oocyte extracts from the frog Xenopus laevis. Although it is apparent from this study that, during oocyte apoptosis, caspase-2 operates upstream of mitochondrial events and may exert its effects through regulation of the Bcl-2 family, it is not clear which members might be involved. Although the Bcl-2 family member Bad may mediate the apoptotic response to glucose deprivation, Bad is regulated through phosphorylation rather than by cleavage by caspases (Danial et al., 2003) . Other proapoptotic Bcl-2 family proteins known to be regulated by caspase-dependent cleavage, such as Bid, are possible candidates. The substrate specificity of caspase-2 is unusual, and very few substrates of caspase-2 have been identified. In the presence of active caspase-2, there is still a lag time until induction of apoptosis in oocyte extracts, indicating that additional signaling steps might also be involved in the suppression of apoptosis by glucose in this system. Nutt et al. (2005) suggest that a sensor of intracellular energy levels may be an important direct regulator of the apoptotic cascade in oocytes. It is not clear what might serve as the upstream molecular sensor of glucose levels signaling to caspase-2. Although the ratio of ATP to ADP and cAMP levels have been previously reported to mediate cellular responses to energy and nutrients, they are unlikely to play a direct role in this case. The authors demonstrate that suppression of caspase-2-mediated apoptosis by G6P depends on the continued operation of the pentose cycle and production of NADPH. In fact, NADPH can suppress caspase-2 activation in oocyte extracts in the absence of G6P. Therefore, the energy sensor operating in this system may be measuring NADPH or the ratio of NADPH to NADP+.
The findings described by Nutt et al. (2005) may be applicable to other cellular systems. Caspase-2 is involved in the programmed cell death of mouse sympathetic neurons deprived of nerve growth factor (NGF). Given that NGF also regulates glucose uptake in neurons, it is conceivable that caspase-2 could be activated in sympathetic neurons deprived of NGF due to the reduction in intracellular glucose levels. Other caspases may also be involved in mediating apoptosis induced by energy crisis. Furthermore, coupling metabolic state and cell survival may provide a mechanism for regulating cell numbers during aging at both the cellular and organismal level. Nutt et al. (2005) noted an age-related decrease in the activity of G6P dehydrogenase in murine oocytes, which could contribute to their decreased viability. It is attractive to speculate that a similar mechanism may operate in other tissue types such as neurons or hepatocytes, which are particularly sensitive to glucose levels and are affected by deleterious age-related changes. Proteins involved in Ca 2+ signaling (including an isoform of CaMKII), cAMP signaling, MAP kinase signaling, cell survival, and mitochondrial metabolism are among those downregulated in response to DNA damage during aging of the human brain (Lu et al., 2004) . These changes could directly contribute to the slowing of cellular metabolism observed during normal aging, leading to lower internal levels of glucose and, in sensitive tissues, contributing to the decline in cell resistance to proapoptotic stimuli and eventual cell loss. Additionally, age-related changes have been observed in hormone and growth-factor expression, which could indirectly affect both survival and cellular metabolism through their effects on Akt and other survival pathways. In either case, the gradual decline in metabolism and intracellular glucose could directly lead to cell death through either activation of caspase-2 or an alternative proapoptotic pathway.
It has long been appreciated that nutrient deprivation due to either growth-factor withdrawal, embolisminduced loss of blood supply, or age-and diseaserelated changes in metabolism can lead to cell death. However, it has been assumed that lack of nutrients is likely to induce cell death due to the gradual shutdown of cellular metabolism and consequent cessation of all
